It is well known that molecular and crystal symmetries exert great impact on physical properties. However, it has remained a great challenge to predict the three-dimensional (3D) crystal structure even for the simplest molecules, and a clear link between molecular and crystal symmetry is missing in general[@b1][@b2]. To reduce complexity, two-dimensional (2D) crystallization through molecular physisorption at surfaces has been intensively studied in recent decades[@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10], as the number of possible motifs for intermolecular interactions and potential packing patterns is greatly reduced due to the planar confinement, allowing deeper understanding of the realization of one possible crystal structure over another[@b11]. Furthermore, the development of scanning tunnelling microscopy (STM) has enabled the direct imaging of 2D molecular crystals at surfaces with submolecular resolution in real space[@b12][@b13], providing direct structural information on crystal lattices along with the molecular arrangement and orientation.

Recently, a statistical analysis on a structural database collecting 2D organic crystals observed by STM at the liquid-solid interface revealed that the tendency toward close packing affects the molecular symmetry retention for various elements[@b14]. For instance, molecular two-fold rotational symmetry is commonly retained upon 2D crystallization, whereas the molecular mirror plane symmetry is usually lost in 2D crystals[@b14]. However, most of the molecules that constitute the 2D crystals reported so far are conformationally rather flexible at the liquid-solid interface and include functional groups, which might form directional hydrogen bonds, competing with the molecular close-packing upon 2D crystallization[@b15][@b16][@b17].

Sulflower, (**1**, C~16~S~8~), a planar *D~8h~*-symmetric octathio\[8\]circulene named from sulfur and sunflower, is the first fully heterocyclic circulene[@b18][@b19]. Different from the commonly studied thiophene oligomers[@b20], **1** has an elegant molecular structure of a cycle of eight annulated thiophenic rings and contains no hydrogen atom ([Fig. 1](#f1){ref-type="fig"}). Selenosulflower (**2**, C~16~S~4~Se~4~), a mixed thiophene-selenophene circulene with reduced *D~4h~* symmetry is obtained by replacing the alternate sulfur atoms with four Se atoms in a **1** molecule ([Fig. 1](#f1){ref-type="fig"})[@b18][@b19][@b21]. As a by-product of **2**, **3** (C~16~S~5~Se~3~) with three selenium atoms and five sulfur atoms shows a *C~1h~* symmetry ([Fig. 1](#f1){ref-type="fig"})[@b18][@b19][@b21]. As all atoms of molecules **1**, **2** and **3** are chemically saturated, without any hydrogen atom and functional group, intermolecular interactions are dominated by van der Waals (vdW) forces. These three molecules thus constitute an excellent family of rigid heterocirculenes with planar disk-shaped geometry but different symmetries, which provides an ideal model system to investigate the interplay between molecular and crystal symmetries upon 2D crystallization.

The 3D crystal structures of **1** and **2** have been characterized by X-ray diffraction[@b18][@b22][@b23][@b24]. Despite their high molecular symmetries, both **1** and **2** crystallize in a similar non-centrosymmetric *P*2~1~ space group[@b18][@b22][@b23][@b24], except that a rotational disorder is observed for **2**[@b24]. Recently, **1** and **2** were imaged by STM at submolecular level after their accommodation and immobilization by trimesic acid (TMA) honeycomb networks at the solution-graphite interface[@b24]. However, the intrinsic interfacial structure of **1** and **2** on solid surfaces remains unclear, due to the presence of foreign molecules[@b24].

In this work, we report on the 2D crystallization of heterocirculenes **1**--**3** on Au(111) as investigated by means of ultrahigh vacuum (UHV) STM. We observe a variety of 2D crystalline structures in the coverage range from submonolayer to monolayer for **1**, whereas **2** forms square and rectangular lattices at submonolayer and monolayer coverages, respectively. No long-range ordered structure is observed for **3** self-assembling at submonolayer coverage. Such different self-assembly behaviors for the heterocirculenes with reduced molecular symmetries show the tendency toward close packing and the molecular symmetry retention in 2D crystallization due to vdW interactions.

Results
=======

The clean Au(111) surface exhibits a well-known 22 × √3 herringbone reconstruction, consisting of a series of parallel zigzag ridges long the \<11-2\>-directions on terraces, which are discommensuration lines separating wider face-centered cubic (fcc) and narrower hexagonal close-packed (hcp) stacking regions[@b25]. After vapor deposition of \~0.1 monolayer (ML) of **1** on an atomically clean Au(111) surface at room temperature, we observe by STM (\~40 K) a variety of ordered molecular islands with straight edges as well as disordered molecular aggregates with zigzag edges ([Fig. 2a](#f2){ref-type="fig"}). Each molecule on the flat terraces of Au(111) exhibits a ring protrusion and a depression at the center ([Fig. 2b](#f2){ref-type="fig"}), suggesting that the planar skeleton of the molecule is parallel to the metal surface due to the molecule-substrate interaction. An STM simulation based on density functional theory (DFT) calculations (Inset of [Fig. 2a](#f2){ref-type="fig"}) reproduces the STM images very well, and reveals that the ring protrusion originates from the sulfur atoms of the molecular skeleton. This feature is in contrast to the 'circle with eight petals\' appearance of **1** when it is trapped in the pores of a TMA network at the solution-graphite interface[@b24]. As each sulfur atom of **1** is chemically saturated in a five-member ring with significant aromaticity[@b26][@b27], the molecule-substrate interaction mainly derives from the coupling between the molecular π-electrons and the metal, akin to the planar polycyclic aromatic hydrocarbon molecules on Au(111) and in contrast to the strong S-Au bonding widely reported for thiols adsorbed on gold substrates[@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b28][@b29][@b30][@b31]. This molecule-substrate interaction is rather weak, as evidenced by frequent displacements of the molecules due to the disturbance exerted by STM tips during scanning with normal tunnelling parameters. This weak interaction is also confirmed by state-of-the-art *ab initio* vdW-DF calculations (see [Supplementary Information](#s1){ref-type="supplementary-material"}).

The ordered molecular islands showing a narrow belt shape with straight edges nearly parallel to the discommensuration lines along the \<11-2\>-directions (with a small angle of 6° ± 2°) are exclusively located in the fcc domains of the Au(111) surface. This preferential adsorption behavior indicates a higher surface interaction in the fcc regions than in the hcp ones. This can be understood on the basis of a different electronic potential energy, reported to be 25 meV higher for the fcc regions than for the hcp regions of the Au(111)-22 × √3 superstructure[@b32], which influences the respective adsorption energies[@b33]. Zoom-in STM images ([Fig. 2b](#f2){ref-type="fig"}) show that these islands illustrate an oblique superlattice (phase I) with a unit cell described by a = 1.09 ± 0.05 nm, b = 1.16 ± 0.05 nm and α = 65° ± 5°. Extended molecular islands that cross the discommensuration lines and occupy several fcc and hcp domains usually illustrate a square periodicity (phase II) with a = 1.04 ± 0.05 nm, as seen in [Fig. 2c](#f2){ref-type="fig"}. Direct determination of the molecular orientations is not achieved, since the molecules appear as featureless rings in the STM images, leading to an uncertainty of a plane group of either *p4* or *p4mm* for the square lattice. [Figure 2d](#f2){ref-type="fig"} shows the proposed structural model of the square lattice of **1**.

At a coverage of \~0.4 ML, the molecular islands of **1** cross the discommensuration lines of Au(111) and grow into large domains exhibiting an oblique superlattice (phase III) with a = 1.03 ± 0.05 nm, b = 1.06 ± 0.05 nm and α = 68° ± 5°, as shown in [Fig. 3a](#f3){ref-type="fig"}. The structural model of this oblique lattice is depicted in [Fig. 3c](#f3){ref-type="fig"}. Small patches with square periodicity can also be observed at this coverage. Increasing the coverage to \~0.8 ML leads to the growth of phase III islands and the complete suppression of the square structure.

[Figure 3b](#f3){ref-type="fig"} shows the molecular adlayer observed after deposition of 1 ML of **1**. The molecules form a hexagonal close-packed layer with nearest neighbor distances of 1.07 ± 0.05 nm (phase IV). Careful analysis unveils that the lattice vectors **a** and **b** are parallel to the \<110\> and \<11-2\>-directions of the Au(111) surface, respectively. The observed intermolecular spacing and lattice orientation are compatible with a commensurate (4 × 4) superstructure. If we consider the possibility of non-equivalent azimuthal orientations for alternating molecules within the close-packed layer, as detailed below, the corresponding superlattice is a centered rectangular one with lattice constants a = 1.07 ± 0.05 nm and b = 1.86 ± 0.05 nm, as indicated in [Fig. 3b,d](#f3){ref-type="fig"}. It can be expressed by the superstructure matrix where **a~0~** and **b~0~** are the primitive lattice vectors of the Au(111) surface. If the two molecules of the unit cell adopt different azimuthal orientations, as evidenced by our calculations (see below), the superlattice of the full monolayer of **1** is described by the plane group *p2gg*, similar to the monolayer structure of **2** discussed below. [Figure 3d](#f3){ref-type="fig"} illustrates the corresponding structural model of the rectangular lattice of the full monolayer of **1**.

In contrast to **1**, STM measurements at \~40 K disclose no additional structure except the characteristic features of the Au(111)-22 × √3 superstructure at a submonolayer coverage of **2**. This indicates a higher mobility and weaker molecule-substrate interaction for **2** adsorbed on Au(111). However, extended molecular islands illustrating a square lattice, as well as disordered molecular aggregates, are observed for *D~4h~*-symmetric **2** at \~5 K. This clearly differs from the series of phase transitions of *D~8h~*-symmetric **1** upon crystallization with increasing molecular coverage. [Figure 4a](#f4){ref-type="fig"} shows a typical STM image taken after deposition of \~0.4 ML of **2** onto Au(111). Extended molecular islands are observed to cross the discommensuration lines of the Au(111) surfaces. High-resolution STM images of the extended molecular islands unveil a square lattice with a lattice parameter of a = 1.07 ± 0.05 nm, as shown in [Fig. 4b,c](#f4){ref-type="fig"}. Different than the ring-shaped STM topographs of the *D~8h~*-symmetrical molecules **1**, **2** is imaged as a square with four protrusions located at the corners ([Fig. 4b,c](#f4){ref-type="fig"}), consistent with the molecular *D~4h~* symmetry and a flat adsorption configuration due to the weak molecule-substrate interaction. The STM image of **2** is well reproduced by simulations based on DFT calculations (Inset of [Fig. 4a](#f4){ref-type="fig"}), which disclose that the four protrusions originate from the selenium atoms of the molecular skeleton. This square shaped feature with four protrusions for each molecule of **2** is different from the 'circle with eight petals\' that **2** shows when it is trapped in the pores of a TMA network at the solution-graphite interface[@b24]. We note that the high-symmetry axes of **2** are rotated away from the lattice vectors of the molecular superlattice by \~12° ± 2°, resulting in a *p4* plane group. Although **2** is achiral, this induces 2D chirality into the molecular islands. [Figure 4d](#f4){ref-type="fig"} shows structural models of the chiral square lattices of **2**.

At a coverage of 1 ML, a quasi-hexagonal close-packed layer of **2** is formed. Due to clearly alternating azimuthal molecular orientations within the layer, it must be described by a centered rectangular lattice with a unit cell containing two molecules, with lattice parameters a = 1.12 ± 0.05 nm and b = 1.82 ± 0.05 nm, as indicated in [Fig. 5a](#f5){ref-type="fig"}. This rectangular superlattice is compatible with the (4 0--4 8) unit cell derived for the close-packed monolayer of **1** and the *p2gg* plane group. A corresponding structural model of the lattice is shown in [Fig. 5b](#f5){ref-type="fig"}.

For molecule **3** adsorbed on Au(111) at submolecular coverage, e.g. at \~0.3 ML, no long-range ordered structures are observed by STM down to sample temperature of \~5 K, as seen in [Fig. 6a](#f6){ref-type="fig"}. Each molecule **3** appears as a pentagon with three protrusions brighter than the other two, consistent with its *C~1h~* symmetry. The simulated STM image based on DFT calculations is in line with this topographic feature (Inset of [Fig. 6a](#f6){ref-type="fig"}), and unveils that the three brighter protrusions are due to the three selenium atoms, while the other two are attributed to two sulfur atoms. Despite the lack of long-range order in the molecular aggregates of **3**, locally well-defined supramolecular structures, such as chiral trimers, can be distinguished, as shown in [Fig. 6b](#f6){ref-type="fig"}. The chiral trimers constitute building blocks and finally build up the main feature of the disordered aggregates of **3**. [Figure 6c](#f6){ref-type="fig"} shows the structural models of the chiral trimers of **3**.

Discussion
==========

We have calculated the molecular density of the various ordered phases of **1** using the measured lattice parameters, and find that it increases in the sequence of phase I \< phase II \< phase III \< phase IV. This suggests that the series of phase transitions of **1** on Au(111) is mainly driven by the propensity to molecular close-packing. A similar mechanism also accounts for the phase transition from a square lattice to a centered rectangular one for 2D crystallization of **2**. Therefore, the observed coverage-dependant phase transitions of **1** and **2** can be rationalized by Kitaigorodskii\'s principle of close-packing[@b34]. This is reasonable as the intermolecular interaction is dominated by vdW forces (see below) for both heterocirculenes **1** and **2**, which favors molecular close-packing during crystallization. It is noteworthy that the centered rectangular lattices of **1** and **2** on Au(111) at monolayer coverage are very similar to the (100) surfaces of **1** and **2** in the bulk crystal[@b18][@b22][@b24], except that both **1** and **2** are tilted in the bulk, while they adopt flat configurations on Au(111) due to the weak but non-negligible molecule-substrate interaction. Indeed, centered rectangular lattices with tilted molecular configurations are observed in the second layer of **1** ([Supplementary Fig. 2](#s1){ref-type="supplementary-material"}) on Au(111) surface, as the interaction between the molecules of the second layer and the substrate has been distinctly weakened by the screening effect of the first layer.

To shed further light on the self-assembly of **1**, **2** and **3** on Au(111), we have performed state-of-the-art *ab initio* vdW-DF calculations. Compared to the commonly used functionals based on generalized gradient approximations (GGA), the vdW-DF method improves the description of vdW interactions. As on one hand our experiments and calculations ([Supplementary Information](#s1){ref-type="supplementary-material"}) reveal weak molecule-substrate interactions, and on the other hand the self-assembly patterns (except the centered rectangular lattices) are incommensurate to the substrate that exhibits the herringbone reconstruction, we only consider free-standing molecular layers in our calculations. These reveal that the energetically most favorable 2D crystal structure of **2** is a rectangular lattice with two non-equivalent molecules in each unit cell ([Fig. 5b](#f5){ref-type="fig"}). For one configuration of **2**, the C~4v~ axes across two Se atoms are rotated away from the lattice vectors of the molecule superlattice by +11°, while for the other configuration, this azimuthal angle is −11° ([Fig. 5b](#f5){ref-type="fig"}). An interaction energy of −0.37 eV per molecule is obtained. The calculated lattice parameters are a = 1.17 nm and b = 1.84 nm, which are consistent with the experimental values. A meta-stable configuration is found with a square lattice. In this configuration, molecules are separated by 1.11 nm, which is also in good agreement with the experimental observations. The corresponding interaction energy per molecule is −0.17 eV, and thus higher than that of the rectangular lattice. In particular, our calculations unveil that the C~4v~ axes across two Se atoms of **2** are rotated away from the lattice vectors of the molecule superlattice by \~13° ([Fig. 4d](#f4){ref-type="fig"}), consistent with the experimental observation of \~12°. Similarly, a rectangular lattice with two non-equivalent molecules in each unit cell ([Fig. 3d](#f3){ref-type="fig"}) is found to be the most stable 2D structure of **1** according to our calculations (interaction energy of −0.36 eV per molecule). The calculated lattice parameters are a = 1.12 nm and b = 1.83 nm, consistent with those of the experimental observations. An oblique lattice of **1** is obtained if we constrain each unit cell to include only one molecule. The lattice parameters of the optimized oblique lattice are a = 1.06 nm, b = 1.07 nm and *α* = 68°, in line with the oblique lattice of phase III. The calculated interaction energy is −0.28 eV per molecule, and thus higher than that of the centered rectangular lattice. Finally, a square lattice with an intermolecular separation of 1.07 nm ([Fig. 2d](#f2){ref-type="fig"}) is disclosed for **1** with the constraint of a rectangular unit cell containing a single molecule (interaction energy of −0.20 eV per molecule). The formation of chiral trimers of **3** is also reproduced, as seen in [Fig. 6c](#f6){ref-type="fig"}. The calculated intermolecular distance and interaction energy per trimer are 1.18 nm and −0.37 eV per trimer, respectively. We propose that the formation of trimers and porous structures is due to the 3-fold symmetric substrate. Notably, we compared the interaction energies obtained with the vdW-DF and the GGA functionals (Perdew- Burke--Ernzerhof, i.e. PBE). Our results show that vdW interactions contribute to more than 90% of the interaction energy. In plots of the electron localization function (ELF) and electron density difference, which are often used to determine formation of bonds, we find no evidence for strong S···S interaction between adjacent molecules ([Supplementary Information](#s1){ref-type="supplementary-material"}). The interaction between heterocirculenes is thus dominated by vdW interactions, different than the strong S···S interaction that e.g. directs the formation of porous networks of the fused thiophene derivative *trans*-1,2-(dithieno\[2,3-*b*:3′,2′-*d*\]-thiophene)ethene (TDT) at the solid-liquid interface[@b35].

Despite the successful reproduction of the experimentally observed lattice structures, the interaction energy calculations alone cannot explain the coverage-dependent structural evolution of **1** and **2**, suggesting that molecule-substrate interactions, which are not considered in our calculations due to the incommensurability between the self-assembled molecular patterns and the Au(111) substrate, play an important role in the 2D crystallization of the heterocirculene molecules. Indeed, direct evidence for impact of the substrate is given by the observed tendency towards structures that are aligned along particular high-symmetry directions of the Au(111) substrate surface or even commensurate to Au(111). However, accurate calculations taking both molecule-molecule and molecule-substrate interactions into account are beyond the computational capability, due to the generally incommensurate lattices of the molecular layer and the Au(111) substrate.

Nevertheless, the distinctly different self-assembly behaviors of **1**, **2** and **3** on Au(111) demonstrate that the molecular symmetry exerts great impact upon the 2D crystallization of the heterocirculene molecules. As the vdW interaction between the heterocirculene molecules is the main driving force for 2D crystallization and close-packing, the different self-assembly behaviors indicate that the intermolecular vdW interaction is strongly related to the molecular geometry. In fact, the molecular vdW surface directly reflects the molecular symmetry. During 2D crystallization, neighboring molecules tend to arrange their positions and orientations in order to get their molecular vdW surfaces contacted as much as possible, resulting in a tendency to retain the highest rotational symmetry of the molecules in the 2D crystal. Meanwhile, the preferential orientation of the molecules with respect to the substrate is determined by the molecule-substrate interaction, entailing symmetry mismatch between the molecular adsorbates (D~8h~ and D~4h~ for **1** and **2**, respectively) and the Au(111) substrate (C~3v~). A subtle interplay of molecule-molecule and molecule-substrate interactions then leads to the formation of different lattice structures for increasing coverages of **1** and **2**. As the molecular symmetry of **1** is higher than that of **2** and the vdW surface of **1** is close to an isotropic circle, more metastable structures with (almost) degenerate energies might be formed during 2D crystallization of **1**, resulting e.g. in the appearance of an oblique lattice for **1** whereas a similar structure is not observed for **2**.

In summary, we have investigated the 2D crystallization of three closely related heterocirculenes on Au(111) by means of UHV STM. We observe a variety of 2D crystalline structures in the coverage range from submonolayer to monolayer for **1**, whereas **2** forms square and rectangular lattices at submonolayer and monolayer coverages, respectively. No long-range ordered structure is observed for **3** self-assembling at submonolayer coverage. The distinctly different self-assembly behaviors of the heterocirculenes with reduced molecular symmetries evidence a clear tendency toward close-packing and molecular symmetry retention upon 2D crystallization due to vdW interactions. This work clearly shows how the symmetry of a molecular monomer can impact the symmetry of the resulting 2D crystal, but also highlights the importance of concurrent molecule-substrate interactions.

Methods
=======

Experimental method
-------------------

Experiments were performed in two independent UHV systems (base pressure \~1 × 10^−10^ mbar). One system housed a commercial variable temperature STM (VT-STM) and the other a low-temperature STM (LT-STM) (Omicron Nanotechnology GmbH), both equipped with standard surface preparation facilities. The Au(111) surface was prepared by repeated cycles of sputtering with argon ions and annealing at 450°C. Before deposition of heterocirculenes, cleanliness and surface order were monitored by STM and low-energy electron diffraction. The heterocirculenes were deposited via vacuum sublimation from a Knudsen-type evaporator with the sample held at room temperature. Prior to deposition, **1** and **2** were purified via vacuum sublimation, as described elsewhere[@b18][@b19][@b21]. The by-products of **2**, such as **3** and its isomers, cannot be efficiently separated from **2**[@b19]. We find, however, that **2** and **3** can be selectively deposited, since they sublimate at somewhat different temperatures, due to different molecular masses[@b19]. One monolayer (ML) refers to a molecular density of 1 molecule/nm[@b2], corresponding to the completion of an ordered heterocirculene layer with a centered rectangular lattice on Au(111), as judged with STM. All STM images were acquired in constant-current mode either at a sample temperature of \~40 K for **1** (VT-STM) or at \~5 K (LT-STM) for **2** and **3**.

Calculation details
-------------------

Quantum mechanical calculations based on density functional theory (DFT) were performed using the Vienna *ab initio* simulation package (VASP)[@b36][@b37]. The projector augmented wave method and vdW-DF proposed by Langreth and Lundqvist were employed[@b38][@b39][@b40][@b41][@b42][@b43]. Energy cutoff for the plane waves was 400 eV. Molecular structures were fully relaxed with the net force smaller than 0.01 eV/Å on all atoms. Lattice constants of the self-assembly patterns are relaxed until a stress smaller than 0.25 kilobar. k-point sampling in the Brillouin zone is carefully tested and binding energies are converged to 0.01 eV. STM images were simulated within the Tersoff-Hamann approach[@b44].
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![Molecular structures of heterocirculenes 1--3 showing identical planar disk-shaped geometries but reduced symmetries.](srep05415-f1){#f1}

![Small molecular aggregates, narrow belt-shaped islands and extended islands of 1 on Au(111) at \~0.1 ML coverage.\
(a) Large-scale STM image. The inset shows a simulated STM image of **1** based on DFT calculations. (b) Zoom-in showing the oblique lattice (phase I) of a narrow belt-shaped island. (c) Zoom-in showing several extended molecular islands with a square lattice (phase II) and disordered molecular aggregates. (d) Structural model of the square lattice seen in (c).](srep05415-f2){#f2}

![Intermediate and high coverage phases of 1 on Au(111).\
(a) STM image showing the co-existence of extended molecular islands with an oblique lattice (phase III) and a small patch with a square lattice at \~0.4 ML coverage of **1**. (b) STM image of complete molecular layer of **1** on Au(111) showing a centered rectangular lattice (phase IV). (c,d) Structural models of the oblique and rectangular lattices seen in (a,b), respectively.](srep05415-f3){#f3}

![Extended islands and disordered molecular aggregates of 2 on Au(111) at \~0.4 ML coverage.\
(a) Large-scale STM image. The inset shows a simulated STM image of **2** based on DFT calculations. (b,c) High resolution STM images revealing the handedness of the square lattice of **2**. (d) Structural models of the chiral square lattices seen in (b,c), respectively.](srep05415-f4){#f4}

![Close-packed monolayer of 2 on Au(111).\
(a) STM image showing a centered rectangular lattice of the close-packed monolayer. (b) Structural models of the rectangular lattice.](srep05415-f5){#f5}

![Disordered molecular aggregates of 3 on Au(111) at a coverage of \~0.3 ML.\
(a) STM image. The inset shows the simulated STM image of **3** based on DFT calculations. (b) STM image of two trimers of **3** exhibiting different chirality. (c) Structural models of the chiral trimers shown in (b).](srep05415-f6){#f6}
